The dislocation gliding in crystals with impurities is investigated by computer simulations for the two dimensional Frenkel-Kontorova model. It is shown that the impurity-dislocation interaction can result in both the stimulation of the double-kink formation (which increases the dislocation mobility) and the trapping of moving kinks by the impurities with the following kink-antikink recombination (which slows down the dislo cation motion). The relative importance of these competing mechanisms depend mostly on the temperature as well as the type of impurity. Here we demonstrate that the presence of impurities can increase the dislocation velocity at low temperatures which leads to the solid solution softening. With increasing temperature, a transition from the solid solution softening to the solid solution hardening regime takes place.
I. INTRODUCTION
The dislocation mobility in crystal lattice periodic poten tial (the Peierls relief1) is one o f the key problems in solid state physics w hich still attracts considerable interest. The Peierls m echanism determines the dislocation mobility and, consequently, the mechanical behavior in covalent crystals (Si, Ge), bcc metals, and some intermetallic compounds. D e spite considerable theoretical and experimental efforts2,3 the m icroscopic processes w hich are responsible for the disloca tion mobility in the Peierls relief are still a matter o f inten sive discussions.4-9
It is com m only accepted that the dislocation m otion in materials w ith high Peierls relief is accom plished by the propagation o f kinks along the dislocation line. It has been assumed that the kink density (and, consequently, the dislo cation mobility) is determined by the processes o f thermal fluctuation kink nucleation and o f the kink-antikink pair re combination. However, this very transparent but simplified concept is insufficient to describe the mechanical properties o f real materials2,3 where the impurity-kink interactions play a crucial role in the kink dynamics. Standard m odels consid ering the impurities just as centers o f kink-antikink recombi nation processes2 seem to be inadequate and do not explain accumulated experimental data.3,8,10,11 The contradictions b e tween the theoretically predicted equilibrium density o f the kinks and that estimated from experimental data initiates a hypothesis regarding the existence o f so-called "weak ob stacles" controlling the equilibrium density o f kinks, how ever, the nature o f these obstacles has not yet been clarified.3
The effect o f impurities on the mechanical properties o f the crystals is rather com plex and cannot be reduced only to the deceleration o f kinks or to the initiation o f their annihi lation as it w as supposed in the earlier m odels.2 In particular, besides the w ell-know n effect o f the solid solution hardening (SSH) w hich is clearly connected with the pinning action o f the impurities on the dislocations, in som e cases the alloying leads to the opposite phenomenon w hich is known as the solid solution softening (SSS). For example, the doping by Ga decreases the dislocation mobility in Ge, whereas the doping by As, on the contrary, increases it.12 The SSS effect is w ell known for bcc transition metal alloys13-17 and was also observed in intermetallics18 and ceramics spinel.19 It has been demonstrated experimentally in Ref. 14 that the SSS is observable in a low temperature region; w ith the temperature increase the transition from the softening to the hardening occurs.
It is a com m on v iew that the SSS effect results from the enhanced kink nucleation at point defects.14,20,21 However, the microscopic m echanism o f this phenomenon still remains a matter o f discussion. In particular, it is not clear why SSS w as observed for some additions and not for others and why this effect is dominant in comparison with the usual pinning mechanism. A lso, it is not clear what is a specific scenario o f the transformation from the SSS phenomenon to the SSH one with the temperature increase.
Despite the recent developments o f powerful atomistic simulation techniques, the investigation o f kink dynamics and impurity-dislocation interactions is still a difficult prob lem for theoretical materials science due to the involvem ent o f essentially different space scales-microscopic (for atoms in the dislocation core) and macroscopic (for the long-range elastic fields). Therefore, model investigations o f the kink dynamics are helpful. The first attempts o f the direct numeri cal simulations o f the kink dynamics without impurities were made in Refs. 9, 23, and 24 in a framework two-dimensional (2D) Frenkel-Kontorova (FK) model. A s was shown in Ref.
9, in contrast with traditional assumptions, the kinks on the dislocations can behave like solitons and pass through each other without annihilation in spite o f thermal fluctuations and damping. The impurity-kink interaction w as considered in a framework o f a one-dim ensional (1D) FK m odel22 and also reveal an important role o f dynamic effects in this process, but have not clarified an issue on the double kink nucleation.
Here w e investigate the m echanism o f the kink-impurity interaction and the effect o f this interaction on the steadystate dislocation velocity by the computer simulations for a generalized 2D FK m odel. 
3\in where M is an atomic mass, y is a friction coefficient, f n is an external force assumed to be equal for all atoms, £;ni(t) is the random Gaussian variable having the properties ( U t ) ) = 0 , ( U t ) € n ' A f ) ) = 2 y T S nn,Sü, S ( t -t')(i= x, y). The parentheses indicate averaging over the realizations o f ran dom process £,n(t). To integrate the stochastic differential equations ( to Eq. (2), where r is a parameter, varied from 0.1 to 8. For simplicity w e assume that the impurity atom has the same mass as the host ones. In a framework o f F leischer's continuum elasticity approach27 describing the impurity-kink interaction effects in terms o f the size and modulus mismatch betw een the solute and host atoms, the variation o f the spring stiffness Sk= (k' -k) / k corresponds to a local variation o f the elastic modulus in the vicinity o f the impurity.28 In general, the chem ical bonding effect in the impurity-dislocation interac tion cannot be reduced to a local change o f elastic moduli ( 8 k # 0), but also m odify a substrate potential. This effect has been recently considered by ab initio calculations.29 The impurity effect on the substrate potential 8 P simulates the change o f the chem ical bonding, w hich cannot be reproduced in terms o f linear elasticity theory. B esides that, the potential $ imp allows us to take into account an additional mechanism o f the interaction w hich is essentially different from those described above.
The most important parameter in the m odel (1) and (2) (Fig. 1, right column) .
Earlier w e demonstrated that in the 2D FK m odel without impurities, the kinks and antikinks do not annihilate, as a rule, at the collisions, but pass through each other similar to the sine-Gordon solitons.9 A s w e have shown here, the bond weakening impurity with S k < 0 turns out to be a natural center o f the kink-antikink recombination. Thus, the interac tion betw een kinks and weakening impurities lead to the de crease o f the dislocation mobility due to both kink pinning and enhancement o f the kink-antikink annihilation and mani fests itself in the SSH.
In the opposite case w hen S k > 0 w e have not observed the pinning o f kinks by impurities. This difference in the interaction o f the kink with bond weakening and hardening substitute atoms cannot be understood in terms o f the varia tion o f the kink effective potential due to impurity22 or in continuum elastic m odels.2 Indeed, in these m odels the pin ning action o f the impurity occurs for the cases o f both at traction (the trapping on the impurity) and repulsion (the trapping before the impurity). According to our computa tional results, it seem s that the kink pinning occurs for the bond weakening impurity ( S k < 0) and does not occur in the opposite case. One can assume that the increase o f the kink mobility with strengthening interatomic bonds ( S k > 0) re sults from a lowering o f the secondary Peierls relief (i.e., the energy profile for the kink motion), due to a reconstruction o f the kink structure near the impurity. It is discussed below in Sec. V in more details.
A n initiation o f the double kink nucleation by impurities is another previously unknown feature found in our simula tions. This process is illustrated in Fig. 2 where the disloca tion w as initially put near the impurity and then started to m ove after the nucleation o f the kink-antikink pair. In our simulations, the double kink nucleation w as found both for the bond weakening impurities (in accordance with the sug gestion o f Ref. 20), and for the bond strengthening one (Fig.  2) which looks rather surprising.
We have found that the variations o f the substrate poten tial, SP, only (keeping S k = 0 and Q = 0 ) has a different effect on the impurity-kink interaction than the stiffness variation. We have observed both the kink trapping for S P > 0 and the initiation o f the kink nucleation for S P < 0. These results are in agreement with the suggestion20 that a weakening o f in teratomic bonding by impurity should enhance the double kink nucleation due to a low ering o f the Peierls relief.
The m odification o f the substrate potential according to Eq. (3) stimulates the nucleation o f kink-antikink pairs near the impurities independently on the sign o f Q (Fig. 3) . In this case w e have not observed the kink pinning, even for small a w hen the perturbation o f substrate potential $ imp(R) is strongly localized near the impurity and the corresponding forces _ V $ imp acting on the kinks are the largest. Despite the absence o f the kink trapping the deceleration o f the kinks by the potential $ imp is w ell pronounced and it is stronger for smaller a.
It is important to stress that the decelerating effect o f im purities on the dislocation m otion is not reduced to the kink The temperature dependence o f the impurity effect on the dislocation mobility looks rather natural. Indeed, at low tem peratures the thermal equilibrium kink concentration is not high enough and the influence o f impurities on the rate o f nucleation o f new kinks is more essential than the decelerat ing effect on the mobility o f existing kinks. This conclusion is confirmed by an increase o f the dislocation velocity with impurity concentration for the low temperature region (Fig.  5) . With temperature increase, the density o f the thermal equilibrium kinks multiply exponentially and the interaction o f the impurity with propagating kinks becom es the most important factor in determining the dislocation mobility. Note, that the effect o f impurities on the kink shape is crucial for the kink mobility if the external force f is chosen in the interval fP < f < f P. In this case the dynamic regime in kink propagation is dominating; the kinks m ove with high velocity and are not sensitive to the lattice locking. The e f fect o f impurities results in a relatively weak deceleration o f the kinks in this regime. However, the picture changes dras tically w hen the kink shape and, consequently, the secondary Peierls relief fP change essentially during kink-impurity co l lisions.
V. DISCUSSION AND CONCLUSIONS
A n observation o f the steady stage in the dislocation m o tion testifies that w e reach an equilibrium kink density which is determined by com petition between nucleation and anni hilation processes. It it worthwhile to emphasize that w e ob served an annihilation during m ultiple kink-antikink colli sions, whereas single kink and antikink pass through without annihilation, and in agreement with our previous simulations.9 One can say that the steady-stage regime is provided by the thermofluctuation m echanism but, in con trast with traditional assumptions,31 the m otion o f individual kinks is closer to the propagation o f free particles than to a slow viscous process. This results in a relatively high dislo cation velocity V which can be comparable with sound v e locity c in our simulations. One should stress, however, that for V> c/3 and T > 0.02 the results appear to be less reliable due to an essential lattice heating during the simulations. Therefore, w e should restrict ourselves to the consideration o f the region where the dislocation velocity is below c/3.
Based on the dependence o f V( T) presented in Fig. 4 two regions can be separated, low (T < 0.01) and high tempera tures, correspondingly. In the low-temperature region, the kink density is small and an appearance o f new kink-antikink pairs result in a sharp increase o f the velocity V(T). At higher temperatures, w hen the thermal equilibrium kink density is comparable with the impurity concentration a decelerating effect o f impurities on the kink mobility due to the pinning processes becom es dominant. One notes that the solid solu tion hardening turns out to be w ell pronounced only for S k < 0, w hen the kink trapping takes place.
O f course, a simplified model considered here cannot de scribe all the details o f the dislocation m otion in alloys. First, this approach does not take into account the dislocation core structure (in-plane splitting in fcc metals or three-fold core structure in bcc ones) w hich may be important for the kinkimpurity interactions.32,33 Besides, the results o f the calcula tions correspond to the dynamic regime o f the kink m otion whereas under real conditions a viscous kink propagation takes place. Nevertheless, one can expect that the results o f our simulations reproduce some general features o f the kinkimpurity interactions w hich may be relevant for the SSS or SSH phenomena.
